Nicotinic ACh (acetylcholine) and 5-HT 3 (5-hydroxytryptamine type-3) receptors are cation-selective ion channels of the Cys-loop transmitter-gated ion channel superfamily. Numerous lines of evidence indicate that the channel lining domain of such receptors is formed by the α-helical M2 domain (second transmembrane domain) contributed by each of five subunits present within the receptor complex. Specific amino acid residues within the M2 domain have accordingly been demonstrated to influence both single-channel conductance (γ ) and ion selectivity. However, it is now clear from work performed on the homomeric 5-HT 3A receptor, heteromeric 5-HT 3A /5-HT 3B receptor and 5-HT 3A /5-HT 3B receptor subunit chimaeric constructs that an additional major determinant of γ resides within a cytoplasmic domain of the receptor termed the MA-stretch (membrane-associated stretch). The MA-stretch, within the M3-M4 loop, is not traditionally thought to be implicated in ion permeation and selection. Here, we describe how such observations extend to a representative neuronal nicotinic ACh receptor composed of α 4 and β 2 subunits and, by inference, probably other members of the Cys-loop family. In addition, we will attempt to interpret our results within the context of a recently developed atomic scale model of the nicotinic ACh receptor of Torpedo marmorata (marbled electric ray).
Novel structural determinants of single-channel conductance in nicotinic acetylcholine and 5-hydroxytryptamine type-3 receptors Introduction
Nicotinic ACh (acetylcholine) and 5-HT 3 (5-hydroxytryptamine type-3) receptors, along with a recently identified zinc-activated channel, represent the cation-selective members of the Cys-loop family of transmitter-gated ion channels [1] [2] [3] [4] [5] [6] . All members of the latter are pentameric structures in which a rosette of subunits combines pseudo-symmetrically to surround a central ion channel [1] [2] [3] [4] [5] 7] . Each subunit consists of a large extracellular N-terminal domain [ECD (extracellular domain)] that forms the ligand-binding site, four transmembrane domains (M1-M4 domains) interspersed between intracellular (M1-M2 and M3-M4) and extracellular (M2-M3) loops, and an extracellular C-terminus that is generally short [1] [2] [3] [4] [5] . The five M2 domains line the ion channel.
The finer details of the three-dimensional structure of the individual subunits of Cys-loop receptors have recently been clarified by two highly significant advances [8, 9] . Firstly, the resolution of the crystal structure of the ACh-binding protein of Lymnaea stagnalis [10] (and subsequently Aplysia Key words: Cys-loop family, 5-hydroxytryptamine type-3 receptor (5-HT3 receptor), ion channel, nicotinic acetylcholine receptor (ACh receptor), single-channel recording, transmembrane domain. Abbreviations used: ACh, acetylcholine; ECD, extracellular domain; MA-stretch, membraneassociated stretch; 5-HT, 5-hydroxytryptamine; M1 (etc.) domain, first (etc.) transmembrane domain. 1 To whom correspondence should be addressed (email j.a.peters@dundee.ac.uk).
californica [11] and Bulinus truncatus [12] ), a water-soluble homologue of the ECD of the nicotinic ACh receptor, has permitted homology modelling of the occupied ligandbinding domain of, for example, the nicotinic ACh [13, 14] and 5-HT 3 receptors [15, 16] . Specific amino acid residues directly participating in the binding of agonists and antagonists have thus been revealed. Secondly, progressive improvements in the resolution of cryo-electron microscopy images of the nicotinic ACh receptor of Torpedo marmorata (marbled electric ray) [17] [18] [19] have yielded details of the protein backbone and the positions of α-carbons and large amino acid side chains. Within the membrane, all four domains adopt an α-helical conformation and M2 is segregated from membrane lipid by a scaffold of surrounding M1, M3 and M4 segments [18] . Subsequently, a refined atomic-scale model of the Torpedo nicotinic ACh receptor emerged, representing the bulk of the receptor complex [19] , a notable exception being a substantial portion of the large cytoplasmic M3-M4 loop that bioinformatic methods, supported by experimental data, suggest is mostly unfolded [20, 21] . Nonetheless, α-helical structures are predicted within the N-and C-termini of the intracellular loop [20, 21] and one, dubbed the MAstretch (membrane-associated stretch; or HA-stretch) [22] , is apparent in the refined model of the Torpedo nicotinic ACh receptor [19] . The influence of specific amino acid residues within this region on single-channel conductance (γ ) of the α 4 β 2 nicotinic ACh and 5-HT 3A receptors is the substance of the present brief review. [23] and 5-HT 3A /5-HT 3B [24] subunits respectively display only modest differences in their ligand binding profile [25] , but differ markedly in biophysical properties that include γ , relative permeability to bivalent cations and rectification at the single-channel level [24, 26, 27] . In particular, the γ of the heteromeric receptor (∼16 pS) is much greater than that of the homomeric construct (0.4-0.8 pS) [24, 26, 27] . For the Cys-loop family as a whole, it is axiomatic that amino acid residues within and immediately adjacent to M2 are major determinants of γ and ion selectivity [1, 2, 4, 5] . The 5-HT 3A receptor is no exception in this regard, because mutations within M2, or at its cytoplasmic border, result in inversion of ion selectivity, or the formation of a channel that does not discriminate between cations and anions [28] . As detailed elsewhere [5] , the M2 and flanking sequences of the 5-HT 3A subunit conserve all major elements relevant to conduction in the closely related nicotinic α7 homomeric receptor. Yet the latter presents a γ that is approximately two orders of magnitude greater than that of the homomeric 5-HT 3A receptor. A notable exception is the presence of a basic lysine residue within the 5-HT 3A subunit M2 domain at the 4 position that, although not facing the channel lumen [5, 29] , might, a priori, be anticipated to decrease γ via a through space electrostatic effect [26, 29] . However, the 4 -lysine is also present within the 5-HT 3B subunit M2 domain. Moreover, mutation of the 4 -lysine within the 5-HT 3A receptor does not enhance γ [30] . Interestingly, a recent elegant study on the skeletal-muscle nicotinic ACh receptor indicates that the 4 residue is located within a unique microenvironment because, surprisingly, an arginine residue (bulk pK a ≈ 12.0) at this location is totally deprotonated at physiological pH [29] . By extrapolation, the 4 -lysine of 5-HT 3A and 5-HT 3B subunits may be similarly uncharged, explaining the lack of effect on γ observed experimentally for the 5-HT 3A receptor [26, 29] .
To identify the domain of the 5-HT 3B receptor subunit responsible for the greatly enhanced γ of heteromeric over homomeric 5-HT 3 receptors, we generated a panel of human 5-HT 3A /5-HT 3B subunit chimaeras and expressed them in a mammalian cell line either in isolation, or together with the wild-type 5-HT 3A subunit [27] . Fluctuation analysis was initially employed to estimate the γ of the constructs because the γ of the wild-type 5-HT 3A receptor is below the limit of resolution of conventional single-channel recording [26, 27] . This approach resulted in the identification of an 18-aminoacid sequence within the amphipathic MA-stretch of the 5-HT 3A subunit that, when replaced by the corresponding 5-HT 3B subunit sequence, increased γ approx. 29-fold [27] . A structural feature conserved within all species orthologues of the 5-HT 3A subunit, but absent from any other subunit of vertebrate, cation-selective, Cys-loop receptor family, The locations of the conserved arginine residues of the 5-HT 3A subunit are highlighted in large font together with the homologous residues of the 5-HT 3B , α 4 and β 2 subunits.
is the presence of three arginine residues (Arg 432 , Arg 436 and Arg 440 ) in the human sequence with a periodicity that places them on the same face of an α-helical structure ( Figure 1 ). The collective mutation of these residues to their aligned counterparts within the human 5-HT 3B subunit (i.e. Arg 432 → Gln, Arg 436 → Asp and Arg 440 → Ala) resulted in an enhancement of γ comparable with that achieved by the 18-amino-acid substitution mentioned above. Single, or double, mutations enhanced γ to an extent that was dependent on the exact residues substituted, but in all cases, those that involved Arg 436 proved most pronounced [27] . We have subsequently substantiated the results of fluctuation analysis by direct single-channel recording and note that, while the former method consistently underestimates γ , there is nonetheless an excellent correlation between the data obtained by the two methods [31] . The Arg 432 → Gln, Arg 436 → Asp, Arg 440 → Ala construct, hereinafter termed the 5-HT 3A (QDA) mutant, has been verified by others to markedly enhance the γ of the 5-HT 3A receptor [32] , and chimaeric constructs of the nicotinic α 7 /5-HT 3A receptor [33] and AChBP/5-HT 3A receptor [34] .
The MA-stretch also influences the γ of nicotinic ACh α 4 β 2 receptors
In order to assess whether residues within the MA-stretch exert an influence on the γ of other cation-selective Cys-loop receptors, we studied the nicotinic ACh α 4 β 2 receptor [31] . The latter, which has been well characterized at the singlechannel level (see e.g. [35] ), represents the predominant nicotinic ACh receptor within the central nervous system and is directly involved in nicotine addiction and linked to autosomal-dominant nocturnal frontal lobe epilepsy [3] . Figure 1 (Figure 2) . For the mutant β 2 Glu 439 → Arg subunit co-expressed The histogram quantifies the effect of replacement of the α 4 subunit Glu 484 and Phe 488 and β 2 subunit Glu 439 and Gln 443 residues by the aligned arginine residues of the human 5-HT 3A receptor. Grey bars represent average (means ± S.E.M.) γ values determined from outside out membrane patch recordings. All mutants displayed a significantly reduced γ relative to the wild-type α 4 β 2 receptor, as determined by ANOVA with post hoc Tukey's test (*P < 0.05; **P < 0.01; ***P < 0.001).
The histogram was constructed from the data of Hales et al. [31] .
with wild-type α 4 , γ was effectively halved, whereas similarly expressed β 2 Gln 443 → Arg demonstrated only a small decrement in γ . As anticipated, when mutations were simultaneously present in both α 4 and β 2 subunits (i.e. α4 Glu 584 → Arg/β 2 Glu 439 → Arg or α4 Phe 588 → Arg/β 2 Gln 443 → Arg), γ was markedly reduced (Figure 2 ). Unfortunately, the influence of the mutations α 4 Glu 592 → Arg and β 2 Glu 447 → Arg could not be evaluated due to limited functional expression [31] . Collectively, such results indicate that the γ of a representative nicotinic ACh receptor is influenced by select residues within the MA-stretch. However, it should be noted that in an early study of the Torpedo nicotinic ACh α-subunit, no significant change in γ was found when acidic residues within the MA-stretch were mutated singly (or in one case doubly) to lysine [36] . However, only two mutations were at positions homologous with those studied here.
Functions of the MA-stretch and a revised model of ion conduction
It is clear that select residues within the amphipathic MAstretch of the cytoplasmic domains of the 5-HT 3A and nicotinic ACh α 4 β 2 receptors exert a strong influence on γ [27, [31] [32] [33] [34] . There are numerous studies wherein the MAstretch has been shown to influence the gating kinetics [37] [38] [39] and assembly [40] [41] [42] of nicotinic ACh receptors, but an influence on γ had not been described until our recent studies [5, 27, 31] . Most recently, a deletion in the intracellular loop of the mouse 5-HT 3A receptor, corresponding to residues 436-440 of the human orthologue, was reported to abolish gating of the channel [43] . In addition, replacement of Arg 440 was found to influence the desensitization kinetics of the receptor in a manner that correlated with the polarity of the substituted residue [43] . Consistent with our own observations, γ was also increased when Arg 440 was replaced by glycine, although not by the bulkier leucine residue [43] . The latter may indicate that amino acid chain length is one determinant of γ at the 440th position, although the conformational flexibility introduced by the insertion of glycine is possibly a confounding variable.
Our results support the predictions of the recently developed atomic scale model of the Torpedo nicotinic ACh receptor [17, 19] . In that scheme, the channel funnels into a vestibule perforated by narrow openings ('portals') that form an obligate pathway through which ions must flux from the channel to the cytoplasm and vice versa. Such portals (schematically illustrated in Figure 3 ) are formed between α-helices, corresponding to the MA-stretch, of adjacent subunits. Collectively, the α-helices project from the base of each subunit and converge on the central axis of the receptor in the manner of an inverted tepee [17, 19] . Thus, in the refined model of Cys-loop receptor structure, the cytoplasmic vestibule presents five parallel conduction pathways, rather than the single, large, conduit characteristic of 'traditional' depictions. Importantly, the dimensions of the portals are estimated to be comparable with the diameter of a permeating univalent ion, including its first hydration shell [17, 19] . Consequently, the identity of the amino acid residues that frame the portals would be anticipated to have a critical influence on γ and also ion selectivity.
We have constructed homology models of the 5-HT 3A and α 4 β 2 nicotinic ACh receptors (based on the atomic scale model of the Torpedo receptor) that permit a qualitative glimpse of how the portals might contribute to the large difference in γ (∼40-fold) between the two receptor types [31] . As is apparent from inspection of Figure 3 , the portals of the 5-HT 3A receptor present the positively charged and voluminous Arg 432 , Arg 436 and Arg 440 residues that may be hypothesized to act as both steric and electrostatic impediments to cation flux. In contrast, both the α 4 and β 2 subunits possess negatively charged glutamate residues at positions homologous with those of residues 432 and 440 of the 5-HT 3A receptor. In addition, the dimensions of the portals at the α 4 β 2 subunit interface appear somewhat larger than those of the 5-HT 3A receptor due to the relative absence of amino acids with side chains that impinge upon the conduction pathway. However, it must be clearly acknowledged that residue side-chain positions are not known with any degree of certainty and that the models are based on the Torpedo nicotinic ACh receptor in the closed state. The need for caution is emphasized by a recent study in which enhanced green fluorescent protein was engineered into the large cytoplasmic loop of the 5-HT 3A receptor and homo-FRET (fluorescence resonance energy transfer) was employed to report conformational changes upon agonist binding [44] . Changes in fluorescence, indicative of a conformation change in the large intracellular loop, were detected when the receptor entered what is most likely to be the desensitized state [44] . Clearly, the potential for agonistinduced movement of the MA-stretch exists and homology models based on the closed state may not accurately reflect the conformation that is adopted in the open state. We are currently engaged in a systematic analysis of the influence of all residues with the MA-stretch that are likely to frame the portals in an effort to address this possibility.
